









ADVANCED AUTOMOTIVE ACTIVE  
SAFETY SYSTEMS: 
Focus on Integrated Chassis Control for 
Conventional and Electric Vehicles with 






















































































































LQWURGXFHV RULJLQDO VFLHQWLILF UHVXOWV REWDLQHG E\ WKH DXWKRU GXULQJ KLV UHVHDUFK DFWLYLWLHV DW




(QYLURQPHQW RI 7\UH6XUIDFH ,QWHUDFWLRQ RI $OH[DQGHU YRQ+XPEROGW )RXQGDWLRQ 
0DULH&XULHSURMHFW,17<5(')*SURMHFW,QWHJUDWLRQRI,QYHUVH'\QDPLFV
DQG)X]]\6HWVIRU&RQWURO3URFHVVHVLQ0HFKDWURQLF6\VWHPVDQGWKH(XURSHDQ)3
SURMHFW (9(&7225&  ZKLFK ZHUH FDUULHG RXW RQ UHVHDUFK IDFLOLWLHV RI





































































































































































































































































)LJXUH   ,QWHJUDWHG FRQWUROOHU IRU LQWHJUDWLRQ RI(6&ZLWK DFWLYH IURQW DQG UHDU VWHHULQJ
V\VWHPV





























































































IDFWRU MXVWLILHV LQWHQVLYH LQYHVWPHQWV LQ UHVHDUFK DQG GHYHORSPHQW RI UHOHYDQW DXWRPRWLYH
V\VWHPVDQGGHYLFHV7KHGHVLJQRIYHKLFOHVGHDOVLQWKLVUHVSHFWZLWKSDVVLYHDQGDFWLYHVDIHW\









VNLGGLQJ RI GULYLQJ ZKHHOV FKDQJH RI URDG VXUIDFH FRQGLWLRQV DQG LQDGHTXDWH VWHHULQJ
PDQRHXYUHV $ QHJDWLYH LQIOXHQFH RI WKH OLVWHG IDFWRUV FRXOG EH HVVHQWLDOO\ PLQLPL]HG RU
HOLPLQDWHGE\WKHRSHUDWLRQRIDFWLYHV\VWHPV

0RGHUQ YHKLFOHV DUH EHLQJ HTXLSSHG ZLWK GLIIHUHQW DXWRPRWLYH FRQWURO V\VWHPV ZKLFK DUH
UHVSRQVLEOHIRUPDLQWHQDQFHRIWKHDFWLYHVDIHW\)LJXUHLOOXVWUDWHVSURJUHVVLQGHYHORSPHQW

















































































 QHZ VHQVRU WHFKQLTXH DQG HOHPHQWV RI URDG LQIUDVWUXFWXUH IRU PHDVXUHPHQW DQG
HVWLPDWLRQRISDUDPHWHUVRIW\UHURDGLQWHUDFWLRQDQGYHKLFOHG\QDPLFV
 LQWHJUDWLRQ RI DFWLYH FKDVVLV DQG GULYHOLQH VXEV\VWHPV WR WDUJHW DQ DGYDQWDJH LQ
VLPXOWDQHRXV LPSURYHPHQW RI VDIHW\ HQHUJ\ HIILFLHQF\ DQG RWKHU IDFWRUV RI YHKLFOH
SHUIRUPDQFH










SDUDPHWHUV DV WKHPRVW LPSRUWDQW LQIRUPDWLRQ IRU DOJRULWKPV RI DFWLYH VDIHW\ V\VWHPV 7KH
LGHQWLILFDWLRQRIW\UHVXUIDFHIULFWLRQLVSDUWLFXODUO\GLVFXVVHG&KDSWHUJLYHVWKHSURVSHFWVIRU
HQKDQFHPHQW RI DFWLYH VDIHW\ WKURXJK LPSOHPHQWDWLRQ RI WKH LQWHJUDWHG YHKLFOH G\QDPLFV















7KH FDXVH RI PDQ\ FULWLFDO VLWXDWLRQV DW GULYLQJ LV WKH YHKLFOH PRWLRQ FORVH WR SK\VLFDO
OLPLWDWLRQV 7KHVH OLPLWDWLRQV EHDU RQ ERWK W\UHURDG LQWHUDFWLRQ G\QDPLFV DQG YHKLFOH













W\UHJULSDVZHOODV HQHUJ\GLVVLSDWLRQ LQ WKH W\UHURDGFRQWDFWDUHGHILQHGE\DGKHVLRQDQG







































5HIHUULQJ WR)LJXUH WKH IULFWLRQVOLS FXUYHVKDYH LQLWLDOO\ D QHDUOLQHDU JUDGLHQW7KH W\UH
UROOLQJ LQ WKLV DUHD ZLWK VPDOO YDOXHV RI VOLS LV IDYRXUDEOH IRU YHKLFOH VWDELOLW\ +RZHYHU
PD[LPXPEUDNLQJRUWUDFWLRQSHUIRUPDQFHWDNHVSODFHLQWKHH[WUHPXPDUHDRIFRUUHVSRQGLQJ
IULFWLRQVOLSFXUYH$IWHUWKHPD[LPXPWKHFRHIILFLHQWRIIULFWLRQGHFUHDVHV7KHSRVWH[WUHPXP
SDUWFRUUHVSRQGV WR WKHPRVWDGYHUVHFRQGLWLRQVRIYHKLFOHPRWLRQ ,Q WKLVDUHD WKH W\UHFDQ
UDSLGO\FRPHWRWKHIXOOVOLSO WKDWPHDQVWKHZKHHOEORFNLQJDWEUDNLQJRUWKHZKHHOVSLQDW



















)DFWRU 5HIHUHQFHV 0D[LPXPIULFWLRQ 5HIHUHQFHRSWLPDOVOLS





URDG >@>@ GHFUHDVHG PDUJLQDOLQIOXHQFH
+LJKHULQLWLDOYHORFLW\DW
EUDNLQJ >@ GHFUHDVHG PDUJLQDOLQIOXHQFH
,QFUHDVHRIYHORFLW\LQD
WUDFWLRQPRGH >@>@ GHFUHDVHG QRWLQGLFDWHG
'HFUHDVHRIVXUIDFH
WHPSHUDWXUHRQLFH >@ LQFUHDVHG PDUJLQDOLQIOXHQFH
,QFUHDVHRIGU\VXUIDFH
WHPSHUDWXUH >@ GHFUHDVHG QRWLQGLFDWHG
,QFUHDVHRIWUHDGVWLIIQHVV >@ LQFUHDVHG GHFUHDVHG







'LIIHUHQW IDFWRUV FDQ DOVR VLPXOWDQHRXVO\ DIIHFW W\UH G\QDPLFV GXULQJ WKH GULYLQJ ZLWK
FRQWLQXRXVVKLIWLQJRIRSWLPDOW\UHVOLSDUHDWKDWFRPSOLFDWHVDFWLYHVDIHW\FRQWURO7KHUHIRUH







VXFKSDUDPHWHUV OLNH W\UHVOLSDQJOHD DQG ODWHUDOFRHIILFLHQWRI W\UHIULFWLRQ\$QDO\VLVRI
UHVHDUFK OLWHUDWXUH VKRZV WKDW GLIIHUHQW PHWKRGRORJLHV DUH SURSRVHG IRU GHVFULSWLRQ DQG
PRGHOOLQJRI W\UH FRUQHULQJSURSHUWLHV$PDMRU FRQWULEXWLRQ WR WKLV WRSLFKDVEHHQGRQH LQ
SDUWLFXODULQVWXGLHVRI)LDOD>@3DFHMND>@3HQJHWDO>@6DNDL>@DQG6HJHO>@7KH
SURFHVVRI W\UHFRUQHULQJFDOOV IRU WKHVOLSRI UXEEHUHOHPHQWV LQ W\UHURDGFRQWDFW LQ ODWHUDO





FRV[O O D  















W\UHIULFWLRQ\ WKHVOLSDQG WKHVOLSDQJOH)LJXUH%\DQDORJ\ZLWK WKH[SDUDPHWHU WKH
FRHIILFLHQW\LVGHILQHGDVUDWLRRIWKHODWHUDODQGQRUPDOW\UHIRUFHV)\)],WFDQEHVHHQIURP
)LJXUH E WKDW WKH \DGHSHQGHQFH KDV LQLWLDO OLQHDU JUDGLHQW DOVR NQRZQ DV WKH W\UH
FRUQHULQJVWLIIQHVVFD
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IULFWLRQ \ WKDW UHGXFHV VLPXOWDQHRXVO\ PD[LPXP UHDOL]DEOH ORQJLWXGLQDO W\UHURDG FRQWDFW
IRUFH6HFRQGO\WKH\DFXUYHVDUHEHLQJWXUQHGDWKLJKDYDOXHVIURPOLQHDULQWRQRQOLQHDU










)DFWRU 5HIHUHQFHV 0D[LPXPODWHUDOIULFWLRQ &RUQHULQJVWLIIQHVV
,QFUHDVHRIZKHHOORDG >@>@>@ GHFUHDVHG LQFUHDVHG
,QFUHDVHRIW\UHLQIODWLRQ >@ QRWLQGLFDWHG GHFUHDVHG
,QFUHDVHRIYHORFLW\ >@ GHFUHDVHG GHFUHDVHG
,QFUHDVHRIVXUIDFH
WHPSHUDWXUH >@ GHFUHDVHG GHFUHDVHG
,QFUHDVHRIDPELHQW































SURSHUWLHV DQG UHVSRQVH FKDUDFWHULVWLFV RI WKH YHKLFOH )LJXUH D VKRZV W\SLFDO UHVSRQVH
FKDUDFWHULVWLFV XVHG LQ DQDO\VLV RI \DZ UDWH G\QDPLFV ,Q SDUWLFXODU LW FDQ EH VHHQ IURP WKH
DQDO\VLVRIVWHSLQSXWRIODWHUDOIRUFHWKDWW\UHVZLWKKLJKHUFRUQHULQJVWLIIQHVVFDQSURYLGHORZHU
JURZWKRI\DZUDWHGXULQJWKHPDQRHXYUH)LJXUHD7KHXQGHUVWHHURURYHUVWHHUEHKDYLRXURI
WKHYHKLFOH FDQEH DOVR HYDOXDWHG WKURXJK \DZ UDWH )LJXUHE+RZHYHU WKHGLIIHUHQFH LQ























GHVLUHG \DZ UDWH >@7KH GHILQLWLRQ RI WKH UROO DQJOH LQ YHKLFOHPRGHOV LV D FRPSOH[ WDVN







x 0DLQ IDFWRUV RI W\UH DQG YHKLFOH G\QDPLFV ZKLFK KDYH UHODWLRQ WR XQVDIHXQVWDEOH
YHKLFOHPRWLRQDQGDUHVXEMHFWHGWR WKHDFWLYHVDIHW\FRQWURODUHWKHZKHHOVOLS W\UH
IULFWLRQLQORQJLWXGLQDODQGODWHUDOGRPDLQVVLGHVOLSDQJOHDQG\DZUDWH
x 7KHNH\IXQFWLRQVRIDFWLYHVDIHW\V\VWHPV OLNHWKHZKHHOVOLSFRQWURORU WKHYHKLFOH















$XWRPRWLYH LQGXVWU\ LV SURSRVLQJ QRZDGD\V PDQ\ VHULDO YDULDQWV RI DFWLYH VDIHW\ V\VWHPV
GLVWLQJXLVKHGE\ WKHLU IXQFWLRQDOLW\ ,Q DGGLWLRQ UHOHYDQW UHVHDUFK DQG WHFKQRORJLFDO VWXGLHV
LQWURGXFHIXUWKHUFRQFHSWXDOVROXWLRQVLQWKLVDUHD)LJXUHSUHVHQWVDVLPSOLILHGFODVVLILFDWLRQ





















5HOLDEOH DQG UREXVW DFWLYH VDIHW\ FRQWURO UHTXLUHV DQ LQWHJUDWLRQ RI V\VWHPV IURP GLIIHUHQW
GRPDLQV7KLVWUHQGWRWKHV\VWHPLQWHJUDWLRQLVRIYLWDOLPSRUWDQFHIRUWKHDXWRPRWLYHVDIHW\
HQKDQFHPHQW)LJXUHH[SODLQVSRVVLEOHYDULDQWVRIWKHV\VWHPLQWHJUDWLRQ7KHLQWHJUDWLRQZLWK
DGGRQ V\VWHPV LPSOLHV WKH JDLQLQJ RI DGGLWLRQDO HIIHFWV IURP YDULRXV DFWLYH FKDVVLV DQG







WKHPRPHQW D OLPLWHG DSSOLFDWLRQ+RZHYHU LWV LQWHJUDWLRQZLWK$%6 DQG(6& FDQ KDYH D
SRVLWLYHLQIOXHQFHRQWKHEUDNLQJSHUIRUPDQFHDQGVWHDG\VWDWHODWHUDOG\QDPLFVRIWKHYHKLFOH
>@ >@ 7KH LQWHJUDWLRQ ZLWK DGGRQ V\VWHPV LV WKH PRVW SURPLVLQJ GLUHFWLRQ LQ WKH
GHYHORSPHQWRIDFWLYHVDIHW\FRQWURO&KDSWHUZLOOGLVFXVVWKLVPDWWHULQPRUHGHWDLOV

2WKHU YDULDQW RI LQWHJUDWLRQ UHODWHV WR LQYHKLFOH DVVLVWDQFH V\VWHPV $PRGHUQ YHKLFOH KDV








































































$QDO\VLV RI UHFHQW UHVHDUFK DQG WHFKQLFDO OLWHUDWXUH VKRZV WKDW PRGHUQ EUDNHE\ZLUH
WHFKQRORJLHVDUHDZDNHQLQJLQWHUHVWLQQHZDSSURDFKHVWRWKHEUDNHEDVHGVDIHW\FRQWURO>@
>@ >@ 7KLV LV HVSHFLDOO\ UHOHYDQW WR HOHFWURK\GUDXOLF EUDNH V\VWHPVZLWK D GHFRXSOHG











































































































WRUTXHVEHWZHHQ LQGLYLGXDOZKHHOV +RZHYHU VXFK WRUTXHEDVHG VWDELOLW\ FRQWURO LVPDLQO\














x 6OLSEDVHG WRUTXH GLVWULEXWLRQ  GULYLQJ IRUFHV DUH GLVWULEXWHG EHWZHHQ WKH ZKHHOV LQ
DFFRUGDQFHZLWKWKHDSSRLQWHGOHIWULJKWRUIURQWUHDUZKHHOVOLSGLIIHUHQFH



























































WKH VLGH VOLS DQJOH DQGPRUH SUHFLVH SDWK IROORZLQJ LL WKH$56<0& LV HIILFLHQW IRU WKH












































GHVFULEHGFRUUHVSRQGLQJH[DPSOHZKHUHDFRPELQHGRSHUDWLRQRI WKH$6 WKH$)6DQG WKH
ZKHHOVOLSFRQWURODFWLYHEUDNHVVHUYHVWRFRQWUROWKH\DZDQGUROOVWDELOLW\7KHVLPXODWLRQRI
ILVKKRRN PDQRHXYUHV IRU WKH YHKLFOH HTXLSSHG ZLWK WKH SURSRVHG V\VWHP DUFKLWHFWXUH KDV














































JXDUDQWHHKLJKHUEUDNLQJ VWLIIQHVV >@ ,Q WKH FRQWH[WRI ODWHUDO G\QDPLFV VHYHUDO UHVHDUFK
ZRUNVLQGLFDWHVWKDWLORZHUW\UHLQIODWLRQSUHVVXUHSURGXFHVXQGHUVWHHUWHQGHQF\DWORZDQG
PHGLXP IRUZDUG VSHHGV DQG RYHUVWHHU WHQGHQF\ DW KLJK VSHHGV >@ LL GHIODWHG W\UHV FDQ
HQVXUHPRUHVWDEOHPRWLRQDWVRPHRSHUDWLRQDOFRQGLWLRQV>@LLLW\UHSUHVVXUHLQIOXHQFHVWKH
WUDQVLHQWKDQGOLQJUHVSRQVHUROOVWLIIQHVVDQGVOLSDQJOH>@LYWKHGHIODWHGW\UHVFDQEHWWHU
WUDQVIHU ODWHUDO FRQWDFW IRUFHV DW ORZ ZKHHO ORDGLQJ >@  +HQFH FHUWDLQ LPSURYHPHQW RI
ORQJLWXGLQDO DQG ODWHUDO YHKLFOH G\QDPLFV SHUIRUPDQFH FDQ EH DFKLHYHG WKURXJK WDUJHWHG
LQGLYLGXDOG\QDPLFLQIODWLRQDQGGHIODWLRQRIW\UHV6XFKDQDSSURDFKLVEHLQJUHDOL]HGQRZLQ





'HSHQGLQJ RQ LPSOHPHQWHG LQIRUPDWLRQDO DQG FRPPXQLFDWLRQDO WHFKQRORJLHV DVVLVWDQFH
V\VWHPVFDQEHGLYLGHGLQWRLQYHKLFOHDQGH[WHUQDOJURXSVDVSURSRVHGRQ)LJXUH%\DQLQ
YHKLFOHDVVLVWDQFHLVPHDQWWKDWWKHGULYHUDVVLVWDQFHV\VWHPUHFHLYHVLQIRUPDWLRQIURPVHQVRUV




DVVLVWDQFH WRROV FDQ EH FRQQHFWHG WR EDVLF DFWLYH VDIHW\ V\VWHPV WR LPSURYH WKHLU FRQWURO
SHUIRUPDQFHDQGUHOLDELOLW\GXHWRDGGLWLRQDOLQIRUPDWLRQFKDQQHOV

7KHPRVW ZLGHVSUHDG LQYHKLFOH V\VWHPV UHDOL]H IXQFWLRQV RI WKH EUDNH DVVLVWDQFH VWHHULQJ



















WUXH IRUDOOGLVFXVVHGGHYLFHV LGHWHFWLRQDQGDQDO\VLVRI H[WHUQDO URDGHQYLURQPHQW IRU






YHKLFOH 99 YHKLFOHWRURDG 95 DQG YHKLFOHWRLQIUDVWUXFWXUH 9, FRPPXQLFDWLRQ
VRXUFHV >@ >@ ,W VKRXOG EH DOVR PHQWLRQHG WKDW WKH OLVWHG FRPPXQLFDWLRQV DUH




DQG SUHGLFWLRQ RI URDG SURILOH DQG YHKLFOH SDWK WUDFNLQJ WKDW VXSSRUWV WKH (6& RSHUDWLRQ









ZHOOHVWDEOLVKHG SULQFLSOHV IRU EXLOGLQJ WKH V\VWHP DUFKLWHFWXUH WR JXDUDQWHH  WKH
SHUIRUPDQFH ZLWKLQ UHTXLUHPHQWV SUHVFULEHG E\ UHJXODWLRQ GRFXPHQWV IXUWKHU
LPSURYHPHQWRIRSHUDWLRQDOSHUIRUPDQFHRIEDVLFDFWLYHVDIHW\V\VWHPVFDQEHUHODWHG



























IXUWKHU GHYHORSPHQW RI DFWLYH VDIHW\ WHFKQRORJLHV LV FKDUDFWHUL]HG E\ D QXPEHU ERWK RI














WRROV ZKLFK FDQ EH FKDUDFWHUL]HG LQ WKH DJJUHJDWH DV D VLPSOLILHG GHVFULSWLRQ RI FRPSOH[
SURFHVVHVDFFRPSDQ\LQJWKHYHKLFOHPRWLRQ6XFKVLPSOLILHGDSSURDFKHVZHUHUHDVRQDEOHXSWR
QRZEHFDXVHRIFRQVWUDLQHGSURFHVVLQJUHVRXUFHVRIHOHFWURQLFFRQWUROXQLWVDQGOLPLWHGVHWRI











1H[W FKDOOHQJH UHODWHV WR DGYDQFHG LQIRUPDWLRQ IRU FRQWUROOHUV $V LQGLFDWHG DERYH D
FRQYHQWLRQDO FDU SRVVHVVHG VR IDU RQO\ IHZ VHQVRUV IRU WKH HVWLPDWLRQ RIPRWLRQ G\QDPLFV
SDUDPHWHUV7KLV VLWXDWLRQ LV EHLQJ UDGLFDOO\ FKDQJHGQRZ DQG WKHYHKLFOHEHFRPHV IXUWKHU




DGYDQFHG LQIRUPDWLRQ LV DOVR FORVHO\ UHODWHG WR WKH GHYHORSPHQW RI V\VWHPV EDVHG RQ WKH
SUHGLFWLYHDQGLQWHOOLJHQWFRQWURO3UHYLRXVJHQHUDWLRQVRIDFWLYHVDIHW\V\VWHPVKDYHXVHGWKH



























2Q WKHYHKLFOH OHYHO QHZ SDUDGLJPV RI DFWLYH VDIHW\ FRQWURO DUH H[SHFWHG ILUVW RI DOOZLWK










































V\VWHP FRQWUROOHUV +HUH VHPLHPSLULFDO DQG HPSLULFDO DSSURDFKHV OLNH WKH0DJLF )RUPXOD
0)PRGHO ILQGPRVW RIWHQ XVH IRU WKH FDOFXODWLRQ RI W\UH IRUFHV DQGPRPHQWV+RZHYHU
VLPXODWLRQ RI W\UH G\QDPLFV FRYHUV PDQ\ RWKHU PRGHO YDULDQWV ZKLFK FDQ EH SRWHQWLDOO\
LPSOHPHQWHGLQYHKLFOHFRQWUROOHUV6HYHUDOVWXGLHVKDYHSURSRVHGFODVVLILFDWLRQVRIW\UHPRGHOV
IRU EHWWHU XQGHUVWDQGLQJ WKHLU DSSOLFDELOLW\ WR DXWRPRWLYH FRQWURO V\VWHPV ,Q SDUWLFXODU WKH
ZRUN>@UHFRPPHQGVWRGLIIHUHQWLDWHW\UHIULFWLRQPRGHOVZKLFKDUHVXLWDEOHIRUUHDOWLPH
V\VWHPVE\DOJHEUDLFVWDWLVWLFDODQGREVHUYHUEDVHGPHWKRGVDVZHOODVE\GHWHUPLQLVWLFDQG








x 6HQVRUEDVHG W\UHURDG IULFWLRQ PRQLWRUV DV DQ REVHUYHU RI VOLS VORSH >@ RU DQ
REVHUYHU RI WKH PD[LPXP RI IULFWLRQVOLSFXUYH >@ EDVHG RQ WKH ZKHHO YHORFLW\



















$QDO\VLV RI UHFHQW VWXGLHV VKRZV WKDW WKH FRPELQDWLRQ RI HVWLPDWLRQ WHFKQLTXH ZLWK VHPL
HPSLULFDOW\UHPRGHOVLVGRPLQDWLQJQRZLQDFWLYHVDIHW\V\VWHPFRQWUROOHUV$QRWKHUDSSURDFK
GHVHUYLQJPRUHDQGPRUHDWWHQWLRQERWKE\UHVHDUFKHUVDQGV\VWHPGHYHORSHUVUHODWHVWR WKH
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

ZKHUH ,Z DUHPRPHQWV RI LQHUWLD DW WKH W\UH ULP DQG EHOW VLGHV FRUUHVSRQGLQJO\ Z DUH
URWDWLRQDOYHORFLWLHVDWWKHW\UHULPDQGEHOWVLGHVFRUUHVSRQGLQJO\.LVWKHW\UHWRUVLRQDOVSULQJ
VWLIIQHVV7G LV WKH HTXLYDOHQW WRUTXH IURP URDG GLVWXUEDQFHVTV LV WKH WRUVLRQDO DQJOH 7KH
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FKDUDFWHULVWLFV RI WKH ZKHHO YHORFLW\  ,W VKRXOG EH PHQWLRQHG WKDW VXFK DSSURDFK LV TXLWH
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7KHGHVFULEHG SURFHGXUHV DUH VHQVLEOH WR WKH TXDOLW\ RIZKHHO YHORFLW\ VLJQDOV DQG UHTXLUHV





WRUTXHVLJQDOV IURP WKHYHKLFOH&$1DQG ORQJLWXGLQDODFFHOHURPHWHU LLL HQJLQHDQGEUDNH
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OHDVWVTXDUHV SDUDPHWHU LGHQWLILFDWLRQ 7KH HVWLPDWRU FRQFHSW  XVLQJ WKH
LQIRUPDWLRQDERXWHQJLQHDQGEUDNHWRUTXHVLJQDOVKDVDQXPEHURIGLVDGYDQWDJHVUHODWHGWR
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LQYHVWLJDWHG WKH UHDOWLPHPD[LPXP IULFWLRQ FRHIILFLHQW HVWLPDWRUZLWK WKH ORQJLWXGLQDO W\UH
IRUFHHVWLPDWRUZKHUHWKHEUDNHWRUTXHLVRQHRIWKHHVWLPDWRUFRPSRQHQWVDQGLVFDOFXODWHGDV

 EU % EU EU7 . S S  

7KHSDUDPHWHU.% LQ(TLV WKHEUDNHJDLQSEU LV WKHDFWXDOEUDNHSUHVVXUHSEU LV WKH
















DQG LL VL[FRPSRQHQW G\QDPRPHWHU LQVWDOOHG RQ WKH ZKHHO KXE 7KH XVH RI WKH ZKHHO
G\QDPRPHWULF KXE ZKLFK LV DGYDQFHG ZLWK WKH EHDULQJV HTXLSSHG ZLWK WKH G\QDPLF ORDG
VHQVRUVLVDOVRPHQWLRQHGLQWKHVWXG\RI5HQDXOW>@:LWKWKHVHVHQVRUVSUHGLFWLYHYDOXHV
RI WKH W\UHURDG IULFWLRQ FRHIILFLHQW FDQ EH REWDLQHG )LJXUH  DQG IXUWKHU DSSOLHG WR WKH
SKHQRPHQRORJLFDO HVWLPDWRU DV IRU (T  EDVHG RQ WKH .DOPDQ ILOWHU +RZHYHU WKH
FRPPHUFLDO DFWLYH VDIHW\ V\VWHPVRQPDVVSURGXFWLRQFDUV FDQQRW LPSOHPHQW QRZDGD\V WKH
G\QDPRPHWULF VHQVRUV GXH WR WHFKQRORJLFDO OLPLWDWLRQV 6XFK PHDVXUHPHQW GHYLFHV DUH































VLJQDOV DYDLODEOH IRU WKH REVHUYDWLRQ RI UHTXLUHG YHKLFOH G\QDPLFV SDUDPHWHUV 5HFHQW
WHFKQRORJLHVPDNHLWSRVVLEOHWRXVHQRWRQO\VWDQGDUG$%6(6&HTXLSPHQWOLNHZKHHOVSHHG
VHQVRUV DFFHOHURPHWHUV RU \DZ UDWH VHQVRUVEXW DOVR DGYDQFHGPHDVXULQJGHYLFHV LQFOXGLQJ






ZKLFKFDQDOVR VXSSRUW WKHRSHUDWLRQRI DFWLYH VDIHW\ V\VWHPVE\SURYLGLQJ WKH LQIRUPDWLRQ
DERXWURDGVXUIDFH+RZHYHUQRWRQO\RQURDGEXWDOVRDGYDQFHGRQYHKLFOHVHQVRUVDUHQRZ
DEOHWRGHWHFWURDGVXUIDFHFRQGLWLRQVIRUIXUWKHUXWLOL]DWLRQRIWKLVLQIRUPDWLRQLQDXWRPRWLYH
FRQWURO V\VWHPV 5HOHYDQW PHWKRGV DUH JHQHUDOO\ EDVHG RQ SURFHVVLQJ RI L DFRXVWLF LL












ZLWK HPEHGGLQJ RI ORZFRVW XOWUDVRQLF VHQVRUV GLUHFWO\ RQ YHKLFOHV0RUH VXUIDFHV FDQ EH
FODVVLILHGWKURXJKWKHSURFHVVLQJRIWUDIILFQRLVHZLWKWKHVWDWLVWLFDOPHWKRGV7KHFRUUHVSRQGLQJ





































PHDVXULQJ WKH DFFHOHUDWLRQV RI WKH YHKLFOH ERG\ DQG WKH ZKHHO 7KH YLEUDWLRQ DQDO\VLV RI
IUHTXHQF\VSHFWUXP)LJXUHEDVHGRQZDYHOHWWUDQVIRUP)DVW)RXULHU7UDQVIRUPDWLRQDQG







LLL2SWLFDO LQIRUPDWLRQ FDQ EH DOVR XVHG IRU WKH GHWHFWLRQ RI SDUDPHWHUV RI YHKLFOHURDG
LQWHUDFWLRQ,QSDUWLFXODUDODVHUGLVSODFHPHQWVHQVRUDQG&&'FDPHUDIRXQGDSSOLFDWLRQVWR
PHDVXUH WKH FDPEHU DQJOH DQG VOLS DQJOH >@6HYHUDO VWXGLHV DUH NQRZQZKHUH WKH URDG
VXUIDFHFDQEHLGHQWLILHGZLWKWKHXVHRILPDJHSURFHVVLQJ)RUH[DPSOHWKHZRUN>@KDV






QRZ IRU UHDOWLPH DSSOLFDWLRQV GXH WR FRPSXWLQJ WLPH SUHFLVLRQ DQG RWKHU IDFWRUV





















LGHQWLILFDWLRQ DQG HVWLPDWLRQ RI W\UHURDG LQWHUDFWLRQ SDUDPHWHUV $Q H[DPSOH RI WKH



















































































7KH W\UH IULFWLRQ LGHQWLILFDWLRQ V\VWHP XQGHU GLVFXVVLRQ FDQ KDQGOH ERWK QXPHULFDO DQG
OLQJXLVWLFXQFHUWDLQW\DQGLVEDVHGRQIX]]\VHWV7KLVDSSURDFKKDVEHHQFKRVHQILUVWRIDOOGXH



















QH[W FRUUHFWHG LQ FRPSOLDQFH ZLWK DFWXDO HQYLURQPHQWDO FRQGLWLRQV )RU WKLV SXUSRVH WKH
SDUDPHWHU SULP LV VLPXOWDQHRXVO\ WKH LQSXW YDULDEOH IRU QH[W IX]]\ LQIHUHQFH V\VWHP
³(QYLURQPHQW´ 2WKHU LQSXW YDULDEOHV DUH WKH URDG VXUIDFH WHPSHUDWXUH 7F WKH DPELHQW
WHPSHUDWXUH7H WKHPRLVWXUHU DQG WKH SUHFLSLWDWLRQ LQWHQVLW\ L 7KH RXWSXW YDULDEOH LV WKH
IULFWLRQFRHIILFLHQWE\WKHHQYLURQPHQWDOFRQGLWLRQVHQY6XFKDQDSSURDFKDOORZVVKRUWWHUP
SUHGLFWLRQRIWKHURDGIULFWLRQ,WDOORZVDQWLFLSDWLQJDQXPEHURIVLWXDWLRQVWKDWPD\RFFXUZLWK
HQYLURQPHQWDO IDFWRUV FKDQJLQJ WKH YDOXH RI WKH SULPDU\ IULFWLRQ FRHIILFLHQW SULP 7KLV
SDUDPHWHUFDQEHDOUHDG\XVHGLQDOJRULWKPVRIDFWLYHVDIHW\V\VWHPV

1HYHUWKHOHVV LWPDNHV VHQVH WR UHILQH WKHSULPYDOXH LQ DFFRUGDQFHZLWK WKH DFWXDO YHKLFOH
PRWLRQG\QDPLFV7KLVIXQFWLRQLVEHLQJFDUULHGRXWE\WKHWKLUG),6³'\QDPLFV´UHDOLVHGDVDQ




















































































7KH GHILQLWLRQ RI OLQJXLVWLF DWWULEXWHV RI WKH URDG W\SH LV WKH QH[W PDLQ WDVN IRU WKH ),6
³(QYLURQPHQW´)RUWKLVSXUSRVHWKHIROORZLQJDSSURDFKLVSURSRVHGL7KHV\VWHPFDOFXODWHV
ILUVWO\ WKH QXPHULFDO YDOXH RI WKH HQYLURQPHQWDO FRHIILFLHQW RI URDG IULFWLRQHQY XVLQJ RQO\
³IHDWXUHOHVV´ OLQJXLVWLF DWWULEXWHV OLNH QXPEHUV IURP ³,´ WR³;9,´ RQ WKH )LJXUH F LL
&RQVLGHULQJWKHDFWXDOFRPELQDWLRQRIHQYLURQPHQWDOIDFWRUVDQGSUHYLRXVO\FRPSXWHGYDOXHRI




























 IRU WKUHHFDVH VWXGLHV L VWUDLJKWOLQHEUDNLQJRQKRPRJHQHRXV URDG LL GURSSLQJRI





VXUIDFHV RI GLIIHUHQW NLQGV EXW ZLWK WKH VLPLODU FRHIILFLHQW RI IULFWLRQHQY    7KH ILUVW


























































LLL /DQHFKDQJH PDQHXYHU )LJXUH  LOOXVWUDWHV WKH VLPXODWLRQ UHVXOWV IRU D ODQHFKDQJH
PDQHXYHURQLFHOLQJXLVWLFDWWULEXWH,,,B$IURP7DEOH,WFDQEHVHHQWKDWWKHYHKLFOHNHHSV
WKH WUDMHFWRU\ZLWK WKH UHGXFWLRQ RI WKH \DZ UDWH DPSOLWXGH WKH ODWHUDO DFFHOHUDWLRQ DQG WKH
YHKLFOHVLGHVOLSDQJOH)RUFRPSDUDWLYHSXUSRVHVWKHODQHFKDQJHVLPXODWLRQRQWKH+,/WHVW
ULJZDVDOVRGRQHIRUWKHYHKLFOHPRWLRQRQWKHDVSKDOWURDGZLWKKLJKZDWHUILOPOLQJXLVWLF





















































































&KDSWHURYHUYLHZHGPHWKRGVXVHG LQ DFWLYH VDIHW\ V\VWHPV IRU WKHGHILQLWLRQRI W\UHURDG









x 5HVHDUFK VWXGLHV SURSRVH YDULRXV PHWKRGV IRU W\UH IULFWLRQ HVWLPDWRUV EXW FOHDU
EHQFKPDUNLQJ FULWHULD IRU DSSOLFDELOLW\ RI GLIIHUHQW HVWLPDWLRQ WRROV DUH VWLOO UDUHO\
H[SORUHG
x $SURPLVLQJ WHFKQRORJLFDO DUHD LV WR XVH DFRXVWLF DQG RSWLFDO VHQVRUV IRU URDG W\SH







































DFWLYH VWHHULQJ ZLWK WKH WUDFWLRQ  EUDNLQJ FRQWURO LQFUHDVHV VDIH VWHHULQJ OLPLWV DW KLJK
ORQJLWXGLQDODFFHOHUDWLRQGHFHOHUDWLRQ6LPXOWDQHRXVO\LQWHJUDWLRQRIWKHDFWLYHVWHHULQJDQG























KDV WKHPDLQ JRDO WR LPSURYH YHKLFOH VWDELOLW\ DW OHDVW LQ SDUWLFXODU FULWLFDO VLWXDWLRQV )RU




RSHUDWLRQ SURFHVVLQJ WLPH HWF ,Q SDUWLFXODU 7UlFKWOHU LQ >@ KDV VKRZQ WKDW GHPDQG IRU
V\VWHPVLQWHJUDWLRQWRHQVXUHWKHV\VWHPFRPSDWLELOLW\LVYDULHGEHWZHHQLQGLYLGXDOVXEV\VWHPV
)LJXUH7KLV VWDWHPHQWFDQEHDOVRFRQILUPHGZLWK WKH UHVXOWVRI WKH VWXG\RI0LWVXELVKL
0RWRUVLQYHVWLJDWHGWKHLQIOXHQFHRILQWHJUDWLRQRIWKH$%6WKHDFWLYHGLIIHUHQWLDOWKHDFWLYH
VWHHULQJ DQG WKH(6& RQ WKH FRUQHULQJ SHUIRUPDQFH >@ )ROORZLQJ WKLV VWXG\ )LJXUH 
LQGLFDWHV WKDW VXEV\VWHPV VKRZTXLWH GLIIHUHQW SHUIRUPDQFH IURPYLHZSRLQW RI VWDELOLW\ DQG


















WDVN 7KLV UHTXLUHV QRW RQO\ D SURSHU FRQVLGHUDWLRQ RI SDUWLFLSDWLQJ VXEV\VWHPV EXW DOVR
PLQLPL]DWLRQ RI SRVVLEOH FRQIOLFWV EHWZHHQ WKH LPSURYHPHQW RI RQH YHKLFOH SURSHUW\ HJ
VWDELOLW\DQG WKHGHWHULRUDWLRQRI DQRWKHU IHDWXUH HJHQHUJ\HIILFLHQF\GXULQJ WKHFRQWURO


























GRPDLQV RI YHKLFOH G\QDPLFV )LJXUH  )URP WKLV VWDQGSRLQW WKH LQWHJUDWHG FRQWURO FDQ
VSHFLILFDOO\DGGUHVVORQJLWXGLQDOODWHUDODQGYHUWLFDOPRWLRQRIWKHYHKLFOHRUFDQKDYHFURVV









7KH;LQWHJUDWLRQPHDQV D FRPELQHGRSHUDWLRQ RI V\VWHPV IRU WKH SXUSRVHV RI ORQJLWXGLQDO
YHKLFOHG\QDPLFVFRQWUROHJ WKHEUDNLQJRU WUDFWLRQFRQWURO$FDVH LQSRLQW LV WKHHOHFWULF
YHKLFOHEUDNHV\VWHPLQWHJUDWLQJFRQYHQWLRQDOIULFWLRQEUDNHVDQGHOHFWULFPRWRUVRSHUDWLQJLQ







PDQDJHPHQW DQG DFWLYH GLIIHUHQWLDO )RU WKH;LQWHJUDWLRQ WKHPRVW LPSRUWDQW SHUIRUPDQFH














7KH ;< ;= RU <=LQWHJUDWLRQ VXSSRVHV VXFK D V\VWHP FRPELQDWLRQ WKDW LQIOXHQFHV
VLPXOWDQHRXVO\WZRFRUUHVSRQGLQJGRPDLQVRIYHKLFOHG\QDPLFV)RULQVWDQFHWKHEUDNHFRQWURO
DQG DFWLYH VXVSHQVLRQ FDQ LOOXVWUDWH WKH ;=LQWHJUDWLRQ WKH DFWLYH UROO FRQWURO DQG WRUTXH
YHFWRULQJHOHFWURQLFVWDELOLW\FRQWUROEHORQJWRWKH<=LQWHJUDWLRQ7KHV\VWHPSHUIRUPDQFH




























EUDNHV $%6 FRQWURO DQG VXVSHQVLRQ FRQWURO *HQHUDO FRQWURO VFKHPH XQGHU GLVFXVVLRQ LV
VKRZQRQ)LJXUH7KHJOREDO FRQWURO WDVN LQ WKLV FDVH LV WRPLQLPL]H WKHFRQWURO HUURU H
EHWZHHQ WKH DFWXDOO DQG UHIHUHQFHOUHIZKHHO VOLS DW EUDNLQJ  7KH UHIHUHQFHZKHHO VOLS LV



























GLVWDQFHRQP IRU WKH URDGZLWK WKHSDUDOOHO FRUUXJDWLRQV DQGRQP IRU WKH%HOJLDQ
SDYHPHQW

<LQWHJUDWLRQ FODVV $FWLYH VWHHULQJ DQG EUDNHEDVHG \DZ G\QDPLFV FRQWURO 7KH DFWLYH
LQIOXHQFHRQ\DZG\QDPLFVFDQEHEDVLFDOO\UHDOL]HGWKURXJKWKHFRQWURORQZKHHOWRUTXHVDQG






,W LQFOXGHV IHHGIRUZDUG DQG IHHGEDFN SDUWV IRU WKH JHQHUDWLRQ RI SUHGLFWLYH DQG UHDFWLYH
FRPSRQHQWVRILDGGLWLRQDOVWHHULQJDQJOH'GI WREHUHDOL]HGE\WKH$)6DQGLLFRUUHFWLQJ
\DZPRPHQW0\WREHUHDOL]HGE\WKH(6&7KHIHHGEDFNSDUWZDVSURSRVHGRQWKHEDVLVRIWKH



































,W VKRXOGEHQRWHG WKDW VRPHVWXGLHVDUHDOVRFRQVLGHULQJFRQFHSWVRI LQWHJUDWLRQRIYHKLFOH
G\QDPLFV FRQWURO V\VWHPV ZLWK VWHHUE\ZLUH LQVWHDG RI FRQYHQWLRQDO DFWLYH VWHHULQJ >@
>@$QH[DPSOHRIV\VWHPLQWHJUDWLRQLVJLYHQRQ)LJXUH+RZHYHUWKHLQFOXVLRQRIVWHHU


































LQWHJUDWLRQDLPVDWDEHWWHUXWLOL]DWLRQRI W\UH IULFWLRQ LQJHQHUDO DQG LV HIILFLHQW IRUVSHFLILF
PDQRHXYUHVDVWKHVSOLWEUDNLQJ$FRUUHVSRQGLQJRSWLRQKDVEHHQGHPRQVWUDWHGLQ>@IRU
WKHFRRUGLQDWHGRSHUDWLRQRIWKHDFWLYHVWHHULQJEDVHGRQWKH+fFRQWUROOHUDQGWKHUXOHEDVHG
$%6 )LJXUH  7KH SURSRVHG V\VWHP DUFKLWHFWXUH KDV WKH VXSHUYLVRU\ LQWHJUDWHG PRWLRQ
FRQWUROOHU ,0&ZLWK WKHHYHQWGHWHFWRU LGHQWLI\LQJ WKHVSOLWEUDNLQJVLWXDWLRQ:KHQ WKLV
WDNHVSODFHWKHEUDNHWULJJHUGLVDEOHVWKHEUDNHSUHVVXUHDWWHQXDWLRQDQGWKHVWHHULQJFRQWUROOHU
LVDFWLYDWHGLQRUGHUWRFRUUHFW WKH\DZPRWLRQRIWKHYHKLFOH7KH\DZG\QDPLFVFRQWURO LQ
>@KDV WKHGLVWXUEDQFHV FRPSHQVDWLRQ FDXVHG E\ DV\PPHWULFEUDNHSUHVVXUHGLVWULEXWLRQ
7KLVPHWKRGKDVEHHQLQYHVWLJDWHGERWKRQWKH+,/WHVWULJDQGWKHWHVWYHKLFOHDQGGHPRQVWUDWHG
DSHUPDQHQWUHGXFWLRQRIWKHVWRSSLQJGLVWDQFHDWWKHVSOLWEUDNLQJZLWKLQWKHLQLWLDOYHORFLW\
UDQJH  NPK ,W VKRXOG EH PHQWLRQHG WKDW WKH LPSURYHPHQW RI WKH VSOLW EUDNLQJ
SHUIRUPDQFHFDQEHDOVRDFKLHYHGWKURXJKLQWHJUDWLRQRIWKHDFWLYHVWHHULQJDQGWRUTXHEDVHG
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PDQRHXYUHV OLNH VSOLWEUDNLQJ REVWDFOH DYRLGDQFH HW DO DV FRPSDUHGZLWK QRQLQWHJUDWHG
FRQWURO,QSDUWLFXODUIRUVLQJOHVKRWVLQHZDYHVWHHULQJDWWKHYHKLFOHYHORFLW\RIPVWKH









FULWLFDO GLVWXUEDQFHV OLNH DQ DFWXDWRU IDLOXUH DQG FURVVZLQG HIIHFW $QRWKHU FRPSUHKHQVLYH
LQWHJUDWLRQZLWKWKHRSWLPDOW\UHIRUFHGLVWULEXWLRQDQGVHUYRORRSKDVEHHQGLVFXVVHGLQ>@
ZKHUH WKH V\VWHP SHUIRUPDQFH LV HYDOXDWHG ZLWK WKH QRUPDOL]H W\UH IRUFH UHVHUYH FDQ EH
LQWURGXFHGDVJLQUHODWLRQWR(T7KHVLPXODWLRQRIGLIIHUHQWVWHDG\VWDWHDQGWUDQVLHQW
PDQRHXYUHV GHPRQVWUDWHG WKDW RSWLPDO FRRUGLQDWLRQ RI WKH $:6 DQG <0& UHGXFHV WKH
QRUPDOL]HGW\UHIRUFHUHVHUYHLQUDQJHDVFRPSDUHGZLWKFRQYHQWLRQDOV\VWHPV>@

([DPLQDWLRQ RI VWXGLHV LQYHVWLJDWLQJ WKH V\VWHPV XQGHU WKH ;< LQWHJUDWLRQ FODVV DOORZV
FRQFOXGLQJWKDWDQREVHUYDEOHHIIHFWFDQEHH[SHFWHGZLWKWKHXVHRIDQDOOZKHHOVWHHULQJ,Q











<=FODVVHV%XWGLVWLQJXLVKLQJIHDWXUHVZLOOEHLQ WKHFRQWURO ORJLF)RUH[DPSOH WKHZRUN
>@LQYHVWLJDWHGWKHLQWHJUDWLRQRIWKH$)6WKH$6DQGWKH:6&ZKHUHWKHDFWLYHVXVSHQVLRQ
KDV WKUHH FRQWUROPRGHV L ULGH FRPIRUW DSSOLHG LQ QRUPDO FRQWURO FRQGLWLRQV LL VDIHW\
DVVLVWDQFH DSSOLHG DW HPHUJHQF\ EUDNLQJ LLL VWDELOLW\ DVVLVWDQFH DSSOLHG DW FRUQHULQJ











































WKLV FDVH IRU WKH DFWLYH VXVSHQVLRQZLWK WKH EUDNLQJ FRQWURO )LJXUH  7KH FRQWURO RQ WKH
YHKLFOHPRWLRQLVUHDOL]HGWKURXJKEUDNHWRUTXHV7EUFDQGVXVSHQVLRQIRUFHV)]F,QDGGLWLRQWKH
FRQWUROOHU LV V\QWKHVL]HG XVLQJ OLQHDU SDUDPHWHU YDU\LQJ /39  +f PHWKRG WR DGGUHVV D
GLVWXUEDQFH DWWHQXDWLRQ SUREOHP7KHZRUN >@ LQYHVWLJDWHG WKLV DSSURDFK E\ZD\ RI WKH
GRXEOHODQHFKDQJHVLPXODWLRQZLWKYDULDWLRQRIURDGVXUIDFHFRQGLWLRQV,WZDVREVHUYHGWKDW


















VWHS LQ HPHUJLQJ LQWHJUDWHG ZKHHO FRUQHUV 7KH UHOHYDQW WHFKQRORJLHV ZHUH SURSRVHG E\
6LHPHQV9'20LFKHOLQDQG9ROYR>@>@>@7KH$XWRQRPRXV&RUQHU0RGXOHE\
9ROYRKDVEHHQLQYHVWLJDWHGLQGLIIHUHQWFRQVWUXFWLYHYDULDQWVZLWKVSHFLDODWWHQWLRQJLYHQWR







H&RUQHU RI 6LHPHQV 9'2 LQWHJUDWHG HOHFWULF SURSXOVLRQ ZLWK DFWLYH EUDNH GDPSLQJ DQG
VWHHULQJV\VWHPV$QDOWHUQDWLYHZKHHOFRUQHUVROXWLRQKDVEHHQGHYHORSHGDV0LFKHOLQ$FWLYH












VXSHUYLVRU\ LLL KLHUDUFKLFDO DQG LY FRRUGLQDWHG FRQWURO +RZHYHU WKHUH DUH QR GHWDLOHG
UHFRPPHQGDWLRQVLQWKHDQDO\VHGVWXGLHVDERXWWKHPRVWDSSURSULDWHYDULDQWVRIWKHLQWHJUDWLRQ























SODFH 5HVXOWV RI VWHHU LQSXW VLPXODWLRQV FRQILUPHG WKDW WKH SURSRVHG RUGHU RI WKH V\VWHPV
LQWHUYHQWLRQSURYLGHVD UHDVRQDEOH WUDGHRIIEHWZHHQVWDELOLW\ DQGVWHHUDELOLW\DQG UHGXFHV D
QHJDWLYHLQIOXHQFHRQWKHORQJLWXGLQDOYHKLFOHG\QDPLFV>@7KHGLVFXVVHGPHWKRGKDVEHHQ
H[WHQGHGLQ>@ZLWKWKHLQFOXVLRQRIWKHDFWLYHVXVSHQVLRQ+RZHYHUVLPXODWLRQVWXGLHVDV










































G G GVF G
G



























0XOWLFULWHULRQ LQWHJUDWLRQ0XOWLFULWHULRQ LQWHJUDWHG DFWLYH VDIHW\ V\VWHPV KDYH PDLQO\ D
PXOWLOD\HUVWUXFWXUH7RJLYHDQH[DPSOH)LJXUHVKRZVWKHDUFKLWHFWXUHRIWKHPXOWLOD\HU
YHKLFOHG\QDPLFV FRQWURO V\VWHPSURSRVHG LQ >@ IRUDQHOHFWULFYHKLFOHZLWK WZRHOHFWULF
PRWRUV7KH VXSHUYLVRU\ FRQWUROOHU OD\HUGHILQHV WKH UHIHUHQFHYHKLFOHG\QDPLFV7KHXSSHU
OHYHOFRQWUROOHUFRPSXWHVWKHDFWXDOSDUDPHWHUVDVYHKLFOHIRUFHVDQG\DZPRPHQWZKLFKDUH
WKH LQSXWV IRU WKH ORZHU OHYHO FRQWUROOHU GHWHUPLQLQJ DFWXDWRU FRPPDQGV 7KH DFWLYDWLRQ RI
SDUWLFLSDWLQJVXEV\VWHPVGHSHQGVRQDFWXDWRUFRQVWUDLQWVZKLFKDUHVHWXSE\WKHORZHUOHYHO
FRQWUROOHU)RU LQVWDQFHDVDSSOLHG WR WKHFDVHVWXG\ IURP>@  WKHVXSHUYLVRU\FRQWUROOHU
GHILQHVILUVWO\WKHFRQWUROPRGHLQDFFRUGDQFHZLWK)LJXUH%XWWKHQWKHORZHUOHYHOFRQWUROOHU
SHUIRUPVWKHRSWLPL]DWLRQRIFRQWURODFWLRQVE\FULWHULDRIGULYLQJHIILFLHQF\PLQLPL]DWLRQRI
DOORFDWLRQ HUURU DQG ZKHHO VOLS OLPLWV $IWHU WKH RSWLPL]DWLRQ WKH DFWXDWRU FRPPDQGV DUH
GLVWULEXWHGLQGLYLGXDOO\WRHDFKDFWXDWRUHOHFWULFPRWRUVDQGLQGLYLGXDOZKHHOEUDNHVLQWKH




















0DQ\ UHFHQW LQYHVWLJDWLRQV UHODWHG WR WKH PXOWLFULWHULRQ LQWHJUDWLRQ XVH YDULRXV FRQWURO
DOORFDWLRQPHWKRGV5HOHYDQW LQWHJUDWHG DFWLYH VDIHW\ V\VWHPVDUHGLVFXVVHG LQ WKHZRUNVRI
/DLQH>@.QREHO>@6K\URNDX>@DQGRWKHUDXWKRUV7KHFRQWURODOORFDWLRQUHTXLUHV
RSWLPL]DWLRQ SURFHGXUHV WR GHILQH WKH LQGLYLGXDO FRQWULEXWLRQ RI HDFK LQGLYLGXDO V\VWHP
DFWXDWRUWRWKHFRQWUROSURFHVV7KHGLIIHUHQWSDUDPHWHUVRIYHKLFOHG\QDPLFVFDQEHXVHGLQ
WKLV UHJDUG ,Q SDUWLFXODU WKH VWXG\ >@ KDV LQYHVWLJDWHG D FRQFHSW RI WKH HOHFWULF YHKLFOH
HTXLSSHGZLWKWKHPRWRUWRUTXHFRQWUROWKHDFWLYHVWHHULQJDQGWKHDFWLYHVXVSHQVLRQHOHPHQWV
7KH V\VWHP XQGHU GLVFXVVLRQ EHORQJV WR WKH ;<=LQWHJUDWLRQ FODVV 7KH RSHUDWLRQ RI
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/RQJLWXGLQDO YHORFLW\ HVWLPDWRU FDOFXODWHV WKH YHKLFOH VSHHG IURP ZKHHO VSHHG VHQVRU









YHKLFOH DQG URWDWLRQDO G\QDPLFVRI IRXUZKHHOV ERWK DERXW WKH VSLQ DQGYHUWLFDO D[HV 7KH
UHVHDUFKZRUNVFDUULHGRXWDW7HFKQLVFKH8QLYHUVLWlW,OPHQDXFRQILUPHGDJRRGDSSOLFDELOLW\
RI WKLV '2) YHKLFOH PRGHO WR WKH GHYHORSPHQW RI FRQWUROOHUV RI DFWLYH VDIHW\ V\VWHPV











RI LQIRUPDWLRQ DERXW W\UHURDG IULFWLRQ FRQGLWLRQV WKH W\UH PRGHO LV XVHG WR FRPSXWH WKH
PD[LPXPIULFWLRQFRHIILFLHQWȝLPD[IRUHDFKZKHHO7KHEORFNRIERXQGDU\FRQGLWLRQVVSHFLILHV
HUURUV IRU VLJQDOV RI WKH \DZ UDWH WKH YHKLFOH VLGH VOLS DQG WKH ODWHUDO DFFHOHUDWLRQ DV WKH
GLIIHUHQFHEHWZHHQWKHUHIHUHQFHDQGPHDVXUHGYDOXHV
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1H[W EORFN GHGXFHV UHTXLUHG FKDQJH RI WKH \DZ WRUTXH WDNLQJ LQWR DFFRXQW HUURUV 















RI WKH EUDNHV GULYHOLQH DQG VWHHULQJ VXEV\VWHPV LQ WKH FRQWURO SURFHVV 7KH VKDUH RI
SDUWLFLSDWLRQRIWKHEUDNHVDQGGULYHOLQHDUHLQWURGXFHGLQWKHIRUPRIFRHIILFLHQWVNEUDQGNWU
VKRZLQJWKHSHUFHQWDJHRIDGGLWLRQDOSRVLWLYHRUQHJDWLYHWRUTXH7ZLDGG7KLVWRUTXHKDVWREH









































IXHO IHHG WR DYRLG WKH UHGXFWLRQ RI YHKLFOH YHORFLW\1H[W UHVXOWV XQGHUOLQH WKH HIIHFW RI DQ






















































x 6LPXOWDQHRXV RSHUDWLRQ RI WKH (6& WKH 79 DQG WKH $)6 ZLWK WKH SHUFHQWDJH
SDUWLFLSDWLRQUHVSHFWLYHO\

7KH GLIIHUHQW VKDUH HVSHFLDOO\ E\ KLJK SHUFHQWDJH SDUWLFLSDWLRQ RI WKH 79 DQG WKH $)6
VXEV\VWHPV FDQ DGYHUVHO\ DIIHFW WKH YHKLFOH VWDELOLW\ DV FRPSDUHGZLWK WKH XQGLVWULEXWHG
PDQHXYHUVHH<DZUDWHRQ)LJXUH7KHYHKLFOHYHORFLW\ZDVLQVLJQLILFDQWO\FKDQJHGLQ
































WKHPHDVXUHG SHGDO IRUFH 7KH FRQWURO GHPDQG IRU WKH YHKLFOH G\QDPLFV FRQWUROOHU FDQ EH
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6LQFH WKH VL[ YHKLFOH VXEV\VWHPV DUH FRQVLGHUHG DQG HOHFWULF PRWRUV FDQ GHYHORS SRVLWLYH
WUDFWLRQDQGQHJDWLYHEUDNHWRUTXHVWKHFRQWUROLQSXWYHFWRULVJLYHQDV
 
       
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DOORFDWLRQ LV WR PLQLPL]H DOORFDWLRQ HUURU %XX&$ ± Y DQG HQHUJ\ FRQVXPSWLRQ XQGHU
FRQVLGHUDWLRQRIDFWXDWRUFRQVWUDLQWV7KHILQDOFRQVWUDLQWVIRURSWLPL]DWLRQLQFOXGHDOVR W\UH
FRQVWUDLQWV DFWXDWRU SRVLWLRQ DQG UDWHV OLPLWV 7KH ORZHUOHYHO DFWXDWRU FRQWURO VKRXOG L
JXDUDQWHHDSUHFLVHWUDFNLQJRIUHIHUHQFHFRQWUROVLJQDOVREWDLQHGIURPWKHPLGGOHOHYHORIWKH




























GLYLGHG LQ WZRJURXSV UHODWHG WR L WKHYHKLFOH G\QDPLFV FRQWUROOHU DQG LL WKHPXOWLERG\
YHKLFOH PRGHO ZLWK D VHW RI HPXODWHG YHKLFOH VXEV\VWHPV 6HYHUDO YHKLFOH VXEV\VWHPV DQG
FRPSRQHQWV OLNH HOHFWULF PRWRU DFWLYH FDPEHU PHFKDQLVPV DQG UHDU DFWLYH VWHHULQJ KDYH
VRIWZDUHUHDOL]DWLRQLQ0$7/$%6LPXOLQNDQGFDQFRPPXQLFDWHZLWKWKHGHVFULEHGKDUGZDUH







RSHUDWLRQ G\QDPLFV RI HOHFWULF PRWRUV DQG DFWLYH FDPEHU DQJOH VXEV\VWHP KDG D VRIWZDUH









DOVR ZLWK WDNLQJ LQWR DFFRXQW ULGH FRPIRUW GULYHDELOLW\ DQG RWKHU YHKLFOH SURSHUWLHV 7KLV
DSSURDFK LVEHLQJDGYDQFHGQRZDW7HFKQLVFKH8QLYHUVLWlW ,OPHQDXIRUPRGHUQFRQFHSWVRI











































































































































































































)XOO\ HOHFWULFYHKLFOHVRIIHUQHZFKDOOHQJHVQRW RQO\ IRUSRZHUWUDLQGHVLJQEXW DOVR IRU WKH
FKDVVLVFRQWURODQGDFWLYHVDIHW\V\VWHPV$ORQJVLGHZLWKFRQYHQWLRQDOLPSOHPHQWDWLRQRIWKH
EUDNLQJRUVWDELOLW\FRQWUROVRPHYDULDQWVRIHOHFWULFYHKLFOHDUFKLWHFWXUHSURYLGHRSSRUWXQLW\





























6LHPHQV SUHVHQWHG LQ >@ >@ >@ >@ DOORZ WR HPSKDVL]H D QXPEHU RI VSHFLILF











GHOD\DVFRPSDUHG IRU LQVWDQFHZLWK WKH IULFWLRQEUDNHV IRU$%6RU WKHPHFKDQLFDO
GULYHOLQHIRU7&,WRSHQVWKHZD\IRUUHGXFWLRQRIWKHVOLSRVFLOODWLRQVWKDWLVEHQHILFLDO
QRWRQO\IRUVDIHW\EXWDOVRIRUGULYLQJFRPIRUW




















KDYH SUHVHQWHG UHVXOWV REWDLQHG IURP YDOLGDWLRQ RQ UHDO FDUV DUH GDWHG RI ODWH V
6SHFLILFDOO\WKHYDULDQWRI7&V\VWHPXVLQJIX]]\FRQWUROKDVEHHQLQWURGXFHGE\<RVKLPXUD
HWDOLQ>@IRUDQDOOZKHHOGULYHHOHFWULFYHKLFOH7KHYDULDQWRIPRGHOIROORZLQJWUDFWLRQ
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7KH QRPLQDO PRGHO FDQ DOVR WDNH LQWR DFFRXQW WKH EDFN HOHFWURPRWLYH IRUFH (0)
FKDUDFWHULVWLFVRI WKHWUDFWLRQPRWRUV7KLVFRQWUROOHUZDVVXEMHFWHGWR WKHWHVWVRQWKHPLQL















 LI  














7KLV V\VWHPKDVEHHQYDOLGDWHGYLD WHVWEHQFKH[SHULPHQWVRI WKHZKHHO WRUTXHFRQWURORID







6HYHUDO RWKHU VWXGLHV LQYHVWLJDWHG WKH VFHQDULR LQ ZKLFK WKH 7& V\VWHP LV VHW XS ZLWKRXW
LQIRUPDWLRQUHODWHGWRWKHYHKLFOHYHORFLW\7KLVRPLVVLRQFDQSRWHQWLDOO\VLPSOLI\WKHFRQWUROOHU
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7KH YHKLFOH ZDV HTXLSSHG ZLWK WZR LQGHSHQGHQW LQWHULRU SHUPDQHQW PDJQHW V\QFKURQRXV
PRWRUVRQ UHDUZKHHOV PD[LPXPSRZHUN:PD[LPXP WRUTXH1P7KH WHVWVZHUH
FDUULHGRXWDWDYHU\ORZGULYLQJYHORFLW\XSWRPVRQDVOLSSHU\VXUIDFHZHWDFU\OLFSODWH
ZLWKDQLQHUWLDRIZKHHOLQHUWLDIURPWRNJP7KHUHVXOWVFRQILUPWKDWWKHSURSRVHG




EDVHG FRQWUROOHUV LV WKH HVWLPDWLRQ RI YHKLFOH YHORFLW\ ,W LV HVSHFLDOO\ UHOHYDQW IRU HOHFWULF
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KDV EHHQ UHFRPPHQGHG IRU ORZ IULFWLRQ URDG FRQGLWLRQV >@ 7KH REVHUYHU DQG HVWLPDWRU
VWUXFWXUHVDUHLQWHJUDWHGLQWRWKHVOLSUDWLRFRQWUROOHU7KHJHQHULFVWUXFWXUHRIWKHFRQWUROOHULV
JLYHQLQ)LJXUHFDQGLVEDVHGRQQRQOLQHDUFRPSHQVDWLRQZLWKIHHGEDFN7KHUHVXOWVRIWKH
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OHYHO ]! SXUHO\ K\GUDXOLF $%6 DFWXDWLRQ LV DSSOLHG %RWK HOHFWULF DQG K\GUDXOLF
































OHDUQLQJ VWHS WKHZRUN >@ FRQVLGHUHG ILYH OHDUQLQJ VWHSV7KH VLPXODWLRQ UHVXOWV RI WKH
GLVFXVVHG $%6 FRQWUROOHU FRQILUPHG LWV IXQFWLRQDOLW\ IRU GLIIHUHQW WHVW FRQGLWLRQV RQ
KRPRJHQHRXV VXUIDFHV +RZHYHU DGGLWLRQDO DVVHVVPHQW RI WKH FRQWUROOHU IXQFWLRQDOLW\ LV


















WRUTXH1P9HKLFOH WHVWLQJFRQILUPHGDJRRG$%6SHUIRUPDQFH LQ WKHFDVHRIEOHQGHG
DFWXDWLRQRIWKHIULFWLRQEUDNHVDQGHOHFWULFPRWRUV$VFDQEHVHHQIURP)LJXUHWKH$%6















$QRWKHU LQGXVWULDO YDULDQW RI $%6ZLWK HOHFWULF PRWRUV LV GHVFULEHG LQ >@ 7KLV YDULDQW
FRQFHUQVWKHURDGVWHUHOHFWULFYHKLFOHPDVVNJPDQXIDFWXUHGE\5RDGLQJFRPSDQ\DQG





















,W FDQ EHPHQWLRQHG WKDW JHQHUDOO\ WKHUH DUH YHU\ OLPLWHG QXPEHU RI SDWHQW GRFXPHQWV DQG
SXEOLVKHGLQGXVWULDOZKLWHSDSHUVZKLFKKDYHDGLUHFWUHOHYDQFHWRWKH$%6IXQFWLRQVUHDOL]HG
WKURXJKHOHFWULFPRWRUV,QSDUWLFXODURQO\IHZFRQWURODOJRULWKPVRUPHWKRGVDUHGLVFORVHG



























































































7KHYHKLFOH LV HTXLSSHGZLWK WKHHOHFWURK\GUDXOLFEUDNHV\VWHPDQG$%6DQG WKHEUDNLQJ
$%6IXQFWLRQVFDQEHDOVRFDUULHGRXWE\HOHFWULFPRWRUV7KHHOHFWURK\GUDXOLFEUDNHV\VWHP



















7KH JHQHUDWLRQ RI WKH WRUTXH GHPDQG 7GHP LV FDOFXODWHG IURP WKH GULYHU FRQWURO DFWLRQ LQ










LVFRUUHFWHG WKURXJK WKHSUHGLFWLYH WRUTXH LQDFFRUGDQFHZLWK WKHURDGFRQGLWLRQV WRSUHYHQW
YHKLFOHXQGHUEUDNLQJRYHUEUDNLQJ7KHSUHGLFWLYHWRUTXHLVGHILQHGDV

 PD[ PD[SUHG ] SUHG ]7  ) U N  ) U  

ZKHUHPD[BHVWLVWKHHVWLPDWHGYDOXHRIPD[LPXPIULFWLRQFRHIILFLHQWIRUJLYHQURDGFRQGLWLRQV
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YHKLFOH YHORFLW\ 9[ DV LQSXW IRU WKH UHDFWLYH WRUTXH FRQWUROOHU 7KH REVHUYHUV XVH DOVR WKH
UHIHUHQFHYHKLFOHPRGHO
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x &RQWUROOHU SODWIRUP  G63$&( $XWRER[ ,%0 3RZHU3& *; *+] 5HDO WLPH
VRIWZDUH&RQWURO'HVN


































 %UDNLQJ ZLWK EOHQGHG HOHFWULFK\GUDXOLF $%6 RQ ERWK D[OHV 7KLV $%6 FRQILJXUDWLRQ





W\SH RI $%6 RSHUDWLRQ GRHV QRW SURGXFH FKDUDFWHULVWLF RVFLOODWLRQV RI WKH GHFHOHUDWLRQ WKDW
HQKDQFHVGULYLQJFRPIRUW

5HIHUHQFHVOLS WUDFNLQJ7KHPRVWGLVWLQFWLYH IHDWXUHRI WKHFRQWLQXRXV$%6RSHUDWLRQ LV









VLPLODU WR RUGLQDU\ $%6 RSHUDWLRQ 7R JLYH D TXDQWLWDWLYH H[DPSOH )LJXUH  GHSLFWV WKH


































 ,QLWLDOEUDNLQJYHORFLW\NPK NPK NPK
%UDNLQJZLWKRXW$%6
%UDNHGLVWDQFHP   
$YHUDJHGHFHOHUDWLRQPV   
%UDNLQJZLWKFRQYHQWLRQDOK\GUDXOLF$%6RQERWKD[OHV
%UDNHGLVWDQFHP   
$YHUDJHGHFHOHUDWLRQPV   
%UDNLQJZLWKEOHQGHGHOHFWULFK\GUDXOLF$%6RQERWKD[OHV
%UDNHGLVWDQFHP   














EOHQGHG $%6 FRQILJXUDWLRQ WKH YHKLFOH GHFHOHUDWLRQ LV IUHH IURP SURQRXQFHG IOXFWXDWLRQV












































$QDO\VLV RI DFWLYH VDIHW\ V\VWHPV IRU IXOO\ HOHFWULF YHKLFOHV UHYHDOV D GLYHUVH UDQJH RI
DSSURDFKHVWREUDNLQJDQGWUDFWLRQFRQWUROWRLPSURYHHOHFWULFYHKLFOHG\QDPLFV+RZHYHUWKLV





















x %HQFKPDUNLQJSURFHGXUHVKDYH WREHGHYHORSHG IRU FRPSDUDWLYH DQDO\VLVRI HOHFWULF
$%6FRQWUROYDULDQWVZLWKERWKFRQWLQXRXVDQGF\FOLFDFWXDWLRQRIHOHFWULFPRWRUV
x $GYDQFHG VWXGLHV DUH UHTXLUHG IRU WKH DQDO\VLV RI DGYDQWDJHV SHUIRUPDQFH DQG














DV FRPSOH[ UHVHDUFK DQG WHFKQRORJLFDO REMHFWV RQ WKH LQWHUIDFH EHWZHHQ YHKLFOH G\QDPLFV
PHFKDWURQLFV PHFKDQLFDO DQG FRQWURO HQJLQHHULQJ DQG LQIRUPDWLRQ WHFKQRORJLHV 0RGHUQ























RI WKH DFWLYH VDIHW\ FRQWURO 7KH LQWHJUDWLRQ RI WKH EUDNHEDVHG  WRUTXHEDVHG \DZPRWLRQ
FRQWUROWKHDFWLYHVWHHULQJWKHDFWLYHVXVSHQVLRQWKHWRUTXHYHFWRULQJDQGRWKHUDXWRPRWLYH












SRZHUWUDLQ FRQWURO LPSURYHV WKH YHKLFOH VWDELOLW\ DQG EULQJV DGGLWLRQDO DGYDQWDJH LQ
PLQLPL]DWLRQRIW\UHGLVVLSDWLRQDQGZKHHOVOLSORVVHV

$FWLYH VDIHW\ FRQWURO IRU HOHFWULF YHKLFOHV 7KH VKDUH RI HOHFWULF YHKLFOHV LV FRQWLQXRXVO\
LQFUHDVHGZRUOGZLGH WKDW FDXVHV D GHPDQG RQ EHWWHU VSHFLI\LQJ WKHLU DFWLYH VDIHW\ FRQWURO
GHVLJQ ,W LV HVSHFLDOO\ UHDVRQDEOH IRU HOHFWULF YHKLFOHV ZLWK LQGLYLGXDO ZKHHO PRWRUV 7KH
PRWRUVDUHFRQVLGHUHGLQWKLVFDVHERWKDVSRZHUWUDLQDQGFKDVVLVDFWXDWRUVGXHWRRSHUDWLRQLQ
D UHJHQHUDWLYH EUDNLQJ PRGH $QDO\VLV RI DFDGHPLF DQG LQGXVWULDO VWXGLHV KDV LGHQWLILHG
GLIIHUHQWDSSURDFKHVWRWKHUHDOL]DWLRQRI7&$%6DQG(6&IXQFWLRQVLQWKHHOHFWULFYHKLFOHV
DQGWKHPRVWHIILFLHQWVROXWLRQVVKRXOGEHVWLOOVSHFLILHGKHUH1HYHUWKHOHVVWKHILUVWUHVXOWVRI




FRQWUROOHGRQERDUGPRWRUV7KHPHWKRG LQWURGXFHG LQ WKHFDVHVWXG\ LVSDWHQWHG *HUPDQ
3DWHQW '(     $ Ä6\VWHP XQG 9HUIDKUHQ ]XU $QWULHEV XQG
%UHPVPRPHQWUHJHOXQJLQ(OHNWURIDKU]HXJHQPLW(LQ]HOUDGDQWULHE³DQGLVDGYDQFHGLQIXUWKHU
SDWHQWDSSOLFDWLRQ*HUPDQ3DWHQW'RFXPHQW'($³6\VWHPXQG9HUIDKUHQ

























IRU WUDQVLHQW RSHUDWLRQ RI WKH YHKLFOH EHWZHHQ VHPLDXWRQRPRXV DQG DXWRQRPRXV
PRGHV
































3HUVRQDO FRQWULEXWLRQ 'HYHORSPHQW RI WKUHHOD\HU FDVFDGH DUFKLWHFWXUH RI W\UH IULFWLRQ
LGHQWLILFDWLRQDQGFRUUHVSRQGLQJIX]]\PRGHOV'HVLJQRI+,/H[SHULPHQWV
5HOHYDQW SURMHFWV ³)X]]\ (QYLURQPHQW RI 7\UH6XUIDFH ,QWHUDFWLRQ´ E\ $OH[DQGHU YRQ
































&RQWULEXWLRQ RI FROODERUDWRUV 'U %DU\V 6K\URNDX IRUPHU 78 ,OPHQDX DQG 1DQ\DQJ
7HFKQRORJLFDO8QLYHUVLW\QRZ78'HOIWGHYHORSPHQWRIWKHLQWHJUDWHGFRQWUROOHUEDVHGRQ
WKHFRQWURO DOORFDWLRQPHWKRGGHYHORSPHQWRI'2)YHKLFOHPRGHO3URI'U,QJ.ODXV






3HUVRQDO FRQWULEXWLRQ 6SHFLILFDWLRQ DQG FRGHYHORSPHQW RI LQWHJUDWHG 7&$%6 FRQWUROOHU




&RQWULEXWLRQ RI FROODERUDWRUV 'U %DU\V 6K\URNDX IRUPHU 78 ,OPHQDX DQG 1DQ\DQJ
7HFKQRORJLFDO8QLYHUVLW\QRZ78'HOIWFRGHYHORSPHQWRILQWHJUDWHG7&$%6FRQWUROOHU
'LSO,QJ']PLWU\6DYLWVNL FRGHYHORSPHQWRI WKH LQWHJUDWHG7&$%6FRQWUROOHUFDUU\LQJ
RXWRIWHVWSURFHGXUHVRQWKH+,/WHVWULJDQGWKHYHKLFOHGHPRQVWUDWRU3URI'U,QJ.ODXV
$XJVEXUJ78,OPHQDX'U$OGR6RUQLRWWL8QLYHUVLW\RI6XUUH\JHQHUDOVXSHUYLVLQJDQG
FRQVXOWLQJ GXULQJ WKH 7&$%6 GHYHORSPHQW SURFHVV 'U,QJ 7KRPDV 3W] 75:
$XWRPRWLYH'U3KLO%DUEHU-DJXDU/DQG5RYHUVXSSRUWRIWHVWVRQWKH+,/DQGYHKLFOH
GHPRQVWUDWRU'U-DYLHU2UXV,QJ5XEHQ0HQHVHV%RXVR,QJ-RVp0DQXHO5RGUtJXH])RUW~Q















>@ 3 /HSHUFT ³$ :RUOG )UHH RI 5RDG &UDVK 'HDWK DQG ,QMXU\´ LQ ),6,7$ 6XPPLW 0DLQ]
*HUPDQ\




















>@ % 3HUVVRQ ³5XEEHU IULFWLRQ DQG WLUH G\QDPLFV´ -RXUQDO RI 3K\VLFV &RQGHQVHG0DWWHU S

>@ +.XPPHU DQG:0H\HU ³1HZ WKHRU\ SHUPLWV EHWWHU IULFWLRQDO FRXSOLQJ EHWZHHQ WLUH DQG
URDG´LQ3URFRI),6,7$:RUOG$XWRPRWLYH&RQJUHVV0XQLFK*HUPDQ\







































































³3URMHFW $GW\UH 7RZDUGV G\QDPLF W\UH LQIODWLRQ FRQWURO´ /HFWXUH 1RWHV LQ (OHFWULFDO
(QJLQHHULQJYROSS
>@ %6K\URNDX':DQJ/+HLGULFKDQG.+|SSLQJ³$QDO\VLVRIVXEV\VWHPVFRRUGLQDWLRQIRU






































>@ ' 3L\DERQJNDUQ - /HZ 5 5DMDPDQL DQG - *URJJ ³$FWLYH GULYHOLQH WRUXHPDQDJHPHQW
V\VWHPV´,(((&RQWURO6\VWHPV0DJD]LQHSS$XJXVW
>@ ) &KHOL / .DNDOLV DQG $ =RU]XWWL ³$ WRUTXH YHFWRULQJ FRQWURO ORJLF IRU DFWLYH KLJK









>@ / 'H 1RYHOOLV $ 6RUQLRWWL DQG 3 *UXEHU ³:KHHO WRUTXH GLVWULEXWLRQ FULWHULD IRU HOHFWULF
YHKLFOHVZLWKWRUTXHYHFWRULQJGLIIHUHQWLDOV´,(((7UDQVDFWLRQVRQ9HKLFXODU7HFKQRORJ\YRO
QRSS
>@ . 6KLPDGD DQG < 6KLEDKDWD ³&RPSDULVRQ RI WKUHH DFWLYH FKDVVLV FRQWURO PHWKRGV IRU
VWDELOL]LQJ\DZPRPHQWV´6$(7HFKQLFDO3DHU6HULHVQR






























































GDPSLQJ FRQWURO´ LQ3URF WKH VW(QKDQFHG 6DIHW\ RI9HKLFOHV(69&RQIHUHQFH 6WXWWJDUW
*HUPDQ\
>@ ++DPHUVPDDQG3(OV³,PSURYLQJWKHEUDNHSHUIRUPDQFHRIDYHKLFOHZLWK$%6DQGDVHPL
DFWLYH VXVSHQVLRQ V\VWHPRQD URXJK URDG´ -RXUQDORI7HUUDPHFKDQLFVYRO SS

>@ 6%/X<1/LDQG6%&KRL³&RQWULEXWLRQRIFKDVVLVNH\VXEV\VWHPVWRUROORYHUVWDELOLW\














]X )DKUG\QDPLN 6LFKHUKHLW XQG .RPIRUW´ LQ  $DFKHQHU .ROORTXLXP )DKU]HXJ XQG
0RWRUHQWHFKQLN$DFKHQ*HUPDQ\














































DGDSWDWLRQ ZLWK FROOLVLRQ DYRLGDQFH V\VWHP IRU LQWHOOLJHQW WUXFNV´ ,QWHUQDWLRQDO -RXUQDO RI
9HKLFOH$XWRQRPRXV6\VWHPVYROQRSS






















>@$ 3RUFHO 3 /DXUHQFH 0 %DVVHW DQG * *LVVLQJHU ³7\UH PRGHO IRU YHKLFOH VLPXODWLRQ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>@5 5DMDPDQL * 3KDQRPFKRHQJ ' 3L\DERQJNDUQ DQG - /HZ ³$OJRULWKPV IRU UHDOWLPH

















>@& +DUWXQJ & 1XWKRQJ DQG ) 6YDULFHN ³6WRFKDVWLF PRGHOV IRU W\UH IRUFH HVWLPDWLRQ $Q
RYHUYLHZDERXWUHFHQWGHYHORSPHQWVDQGWUHQGV´LQ3URFRI7KHWK,)$&6\PSRVLXP$GYDQFHV
LQ$XWRPRWLYH&RQWURO0XQLFK*HUPDQ\


















>@13DWHO&(GZDUGV DQG66SXUJHRQ³7\UHURDG IULFWLRQHVWLPDWLRQ  D FRPSDULVRQRI WZR









IRXU LQZKHHOPRWRUGULYHHOHFWULFYHKLFOH´ LQ3URFRI WKHWK,QWHUQDWLRQDO&RQIHUHQFHRQ
0HFKDWURQLFVDQG0DFKLQH9LVLRQLQ3UDFWLFH$XFNODQG1HZ=HDODQG
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>@0<DPDGD.8HGD ,+RULEDDQG16XJLH ³'LVFULPLQDWLRQRI WKH URDGFRQGLWLRQ WRZDUG
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&DUV0HFKDQLFDO6\VWHPVYROQRSS
>@9 ,YDQRY . $XJVEXUJ DQG % 6K\URNDX ³OWHUEDOH IX]]\ FRPSXWLQJ IRU PRQLWRULQJ WLUH
SDUDPHWHUV´ LQ3URF RI $9(&
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%HOJLXP


































>@-; :DQJ 1 &KHQ ': 3L DQG *' <LQ ³$JHQWEDVHG FRRUGLQDWLRQ IUDPHZRUN IRU

















































VXVSHQVLRQ DQG FKDVVLV NH\ VXEV\VWHPV´ 3URF ,0HFK( 3DUW ' -RXUQDO RI $XWRPRELOH
(QJLQHHULQJYROQRSS
>@& 3RXVVRW9DVVDO2 6HQDPH /'XJDUG 3*DVSDU = 6]DER DQG - %RNRU ³$WWLWXGH DQG












DOORFDWLRQ ZLWK VXEV\VWHP FRRUGLQDWLRQ´ LQ 3URF UG ,$96' ,QWHUQDWLRQDO 6\PSRVLXP RQ
'\QDPLFVRI9HKLFOHVRQ5RDGVDQG7UDFNV4LQJGDR&KLQD
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EUDNLQJ IRU LQWHJUDWHG YHKLFOH G\QDPLFV FRQWURO´ 3URF ,0HFK( 3DUW ' $XWRPRELOH
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>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
>@9 ,YDQRY.$XJVEXUJ%6K\URNDX':DQJDQG99DQWVHYLFK³$GYDQFHGDJHQWEDVHG
YHKLFOH G\QDPLFV FRQWURO´ LQ3URF RI WKH (XURSHQD$XWRPRWLYH&RQJUHVV ($(&9DOHQFLD
6SDLQ
>@9,YDQRY%6K\URNDX.$XJVEXUJDQG99DQWVHYLFK³6\VWHPIXVLRQ LQRIIURDGYHKLFOH
G\QDPLFVFRQWURO´ LQ3URFRI WKH-RLQWWK$VLD3DFLILF ,6796&RQIHUHQFH6DSSRUR -DSDQ

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